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INTRODUCTION 

I n  a squeeze  f i l m  g a s  b e a r i n g ,  t h e  b e a r i n g  s u r f a c e s  a r e  v i b r a t e d  r e l a t i v e  t o  one 

a n o t h e r  i n  t h e  p l a n e  normal t o  t h e  s u r f a c e s .  I f  t h e  v i b r a t i o n  f r equency  i s  h i g h ,  

d u r i n g  e a c h  c y c l e  of  o s c i l l a t i o n  gas  i n  t h e  s p a c e  between t h e  b e a r i n g  s u r f a c e s  i s  

a l t e r n a t e l y  compressed and expanded. Because of  n o n - l i n e a r  e f f e c t s ,  t h e  i n t e -  

g r a t e d  p r e s s u r e  i n  t h e  b e a r i n g  f i l m  over  a f u l l  c y c l e  of  o s c i l l a t i o n  i s  g r e a t e r  

t h a n  t h e  ambient  p r e s s u r e .  For  t h i s  r e a s o n ,  t h e  s q u e e z e - f i l m  b e a r i n g  i s  a b l e  t o  

s u s t a i n  a l o a d .  

T h i s  r e p o r t  d e s c r i b e s  t h e  work done i n  Phase IV of c o n t r a c t  NAS8-11678 toward 

development  of a p r e l i m i n a r y  p r o t o t y p e  s q u e e z e - f i l m  b e a r i n g  system which would 

u l t i m a t e l y  be s u i t a b l e  f o r  gymbal a x i s  s u p p o r t  of and AB5 s i z e  gy ro .  

Fo r  a g i v e n  b e a r i n g  s u r f a c e  geometry and mean gap between s u r f a c e s ,  t h e  b e a r i n g  

load  c a p a c i t y  and s t i f f n e s s  i n c r e a s e  w i t h  i n c r e a s e d  v i b r a t i o n  a m p l i t u d e .  O r ,  

s t a t e d  a n o t h e r  way, s p e c i f i e d  b e a r i n g  load c a p a c i t y  and s t i f f n e s s  c a n  be ach ieved  

w i t h  a l a r g e r  mean gap i f  t h e  v i b r a t o r y  motion ampl i tude  i s  i n c r e a s e d .  Fo r  t h i s  

r e a s o n ,  t h e  e f f o r t  t o  deve lop  a s q u e e z e - f i l m  b e a r i n g  s u p p o r t  h a s  c e n t e r e d  on t h e  

development  of  t h e  t r a n s d u c e r  system which p r o v i d e s  t h e  h igh - f r equency  v i b r a t o r y  

motion of  t h e  b e a r i n g  s u r f a c e s .  

The body of  t h e  r e p o r t  d e s c r i b e s  t h e  work performed under Tasks 1 th rough  3 of 

M o d i f i c a t i o n  7 (Phase I V )  of C o n t r a c t  NAS8-11678. The e x p e r i m e n t a l  e v a l u a t i o n  

of  t h e  NASA b u i l t  t r a n s d u c e r  d e s i g n  w i t h  B e l l e v i l l e  s p r i n g  c o u p l i n g  between 

b e a r i n g  and d r i v e r  s e c t i o n s  (Task 4 )  i s  d e s c r i b e d  i n  Appendix A ,  
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REVIEW OF PREVIOUS TRANSDUCER DEVELOPMENT 

V i b r a t o r y  motion of t h e  b e a r i n g  s u r f a c e s  can be  ach ieved  th rough  p i e z o e l e c t r i c ,  

m a g n e t o s t r i c t i v e  o r  e l e c t r o - m a g n e t i c  drivers.  P i e z o e l e c t r i c  t r a n s d u c e r s  have 

been p r e f e r r e d  over  t h e  o t h e r s  because they  o f f e r  t h e  b e s t  combinat ion of h i g h  

d r i v i n g  f r e q u e n c i e s ,  l a r g e  v i b r a t o r y  ampl i tudes ,  low power d i s s i p a t i o n  and low 

w e i g h t .  I n i t i a l l y ,  t h e  approach was t o  have t h e  p i e z o e l e c t r i c  body s e r v e  as 

t h e  v i b r a t i n g  b e a r i n g  e l e m e n t ,  I n  t h i s  c o n c e p t ,  t h e  t r a n s d u c e r  i s  a t u b e  of 

p i ezoce ramic  m a t e r i a l  d r i v e n  a t  i t s  hoop mode r e s o n a n t  f r e q u e n c y .  The f l o a t ,  

r e p r e s e n t i n g  a gyro ,  f i t s  i n s i d e  t h e  piezoceramic t u b e  where i t  i s  s u p p o r t e d  

r a d i a l l y  by squeeze - f i lm  a c t i o n  i n  t h e  i n t e r v e n i n g  a n n u l a r  c l e a r a n c e .  A x i a l  

s u p p o r t  i s  o b t a i n e d  from squeeze - f i lm  a c t i o n  i n  t h e  c l e a r a n c e  between t h r u s t  

p l a t e s  a t t a c h e d  t o  e i t h e r  end of t h e  f l o a t  and t h e  end s u r f a c e s  of t h e  t u b e .  

The t r a n s d u c e r  t u b e  and f l o a t  assembly must be  p o s i t i o n e d  and suppor t ed  w i t h i n  

a s t a t i o n a r y  hous ing  w i t h o u t  r e s t r a i n i n g  o r  a p p r e c i a b l y  d i s t o r t i n g  t h e  v i b r a t o r y  

mot ion .  T h i s  i s  done a l s o  by squeeze - f i lm  b e a r i n g  s u p p o r t  between t h e  t u b e  

and a c y l i n d r i c a l  b o r e  o u t e r  hous ing  and w i t h  t h r u s t  p l a t e s  a t t a c h e d  t o  t h e  

hous ing  i n  c l o s e  p rox imi ty  t o  t h e  o u t e r  s e c t i o n  of  t h e  t u b e  ends .  The development 

and e x p e r i m e n t a l  performance of t h i s  concept are d e s c r i b e d  i n  R e f e r e n c e s  1 and 

2 .  Bendix Corp. ,  Resea rch  L a b o r a t o r i e s  D i v i s i o n  developed and f a b r i c a t e d  

p r o t o t y p e  t r a n s d u c e r s  of t h i s  t y p e  as a s u b c o n t r a c t o r  t o  MTI. These p r o t o t y p e  

f l o a t  s u p p o r t s  were e v a l u a t e d  e x p e r i m e n t a l l y  and they  were s u c c e s s f u l  i n  e f f e c t i n g  

s q u e e z e - f i l m  s u p p o r t  o f  t h e  f l o a t .  However, t h e r e  were several d i s a d v a n t a g e s  of 

t h i s  t r a n s d u c e r  concep t :  

-4 V i b r a t o r y  motion a m p l i t u d e s  were v e r y  s m a l l  ( abou t  10 i n c h  peak-to-  

peak p e r  i n c h  o f  b e a r i n g  d i a m e t e r )  n e c e s s i t a t i n g  v e r y  s m a l l  b e a r i n g  

c l e a r a n c e s  (on t h e  o r d e r  of  i n / i n )  and e x c e e d i n g l y  precise 

machining.  

The p l a t e d  s u r f a c e s  of t h e  piezoceramic t u b e  were s u b j e c t  t o  m a t e r i a l  

t r a n s f e r  and d e t e r i o r a t i o n  due t o  c o n t a c t  d u r i n g  s t a r t s .  Th i s  c o u l d  

be minimized by p r o t e c t i v e  c o a t i n g s  b u t  t h e s e  were n o t  comple t e ly  

s a t i s f a c t o r y .  

The motion of  t h e  piezoceramic tube  i s  n o t  un i fo rm,due  t o  end e f f e c t s ,  

so  t h e  b e a r i n g  s u r f a c e  e x c u r s i o n  i s  n o t  uniform which d e t r a c t s  from 

performance.  
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( 4 )  It i s  v e r y  d i f f i c u l t  t o  ach ieve  e i t h e r  e q u a l  s t i f f n e s s  o r  e q u a l  l oad  

c a p a c i t y  i n  t h e  r a d i a l  and a x i a l  d i r e c t i o n s  because of l i m i t e d  a x i a l  

b e a r i n g  area. 

An a l t e r n a t i v e  approach w a s  d e v i s e d  i n  which t h e  b e a r i n g s  are separate e l e m e n t s  

a t t a c h e d  t o  t h e  p i e z o e l e c t r i c  d r i v e r  through f l e x u r e s  (Ref s .  3 and 4 ) .  An 

e x p l o r a t o r y  t r a n s d u c e r  of t h i s  t ype  w i t h  c o n i c a l  b e a r i n g s  confirmed t h a t  t h i s  

approach  could y i e l d  c o n s i d e r a b l y  l a r g e r  motion a m p l i t u d e s ,  due t o  motion ampli-  

f i c a t i o n  through t h e  f l e x u r e .  F i g u r e  1 i l l u s t r a t e s  t h i s  e x p e r i m e n t a l  t r a n s d u c e r  

assembly.  A d e t a i l e d  su rvey  of t h e  motions of t h e  b e a r i n g  s u r f a c e s  showed t h e  

f o l l o w i n g :  

(1) Mean ax ia l  e x c u r s i o n  a m p l i t u d e s  of a b o u t  250 p i n  (half-wave ampl i tude )  

were ach ieved  w i t h  abou t  10 volt-amps e l e c t r i c a l  i n p u t .  

The b e a r i n g  cone d i d  n o t  move as a r i g i d  body. 

d e s i r e d  ax ia l  e x c u r s i o n ,  t h e r e  w a s  a r o t a t i o n  of  t h e  cone c r o s s  s e c t i o n  

a b o u t  t h e  c o n n e c t i o n  t o  t h e  f l e x u r e .  The t r a n s l a t i o n a l  and t w i s t  

components were a d d i t i v e  a t  t h e  small  d i ame te r  end and s u b t r a c t i v e  a t  

t h e  large d iame te r  e n d , r e s u l t i n g  i n  a v a r i a t i o n  i n  mot ion  measured 

normal t o  t h e  b e a r i n g  s u r f a c e  of  abou t  2 t o  1. 

(2) I n  a d d i t i o n  t o  t h e  

A p r e c i s i o n  male cone s e c t i o n  w a s  f a b r i c a t e d  and f i t t e d  t o  one of t h e  v i b r a t i n g  

female cone ends  i n  o r d e r  t o  e v a l u a t e  t h e  b e a r i n g  performance i n  t h e  a x i a l  load 

d i r e c t i o n .  The r e s u l t s ,  which a re  d e s c r i b e d  i n  d e t a i l  i n  R e f .  5 ,  are summarized 

be low : 

(1) Measured load  c a p a c i t y  compared r e a s o n a b l y  w e l l  w i t h  t h a t  d e r i v e d  

from squeeze - f i lm  b e a r i n g  theo ry  f o r  low v a l u e s  of  e x c u r s i o n  r a t i o  

( l i g h t  l o a d s ) .  The r e s u l t s  d ive rged  as t h e  e x c u r s i o n  r a t i o  was 

i n c r e a s e d  w i t h  t h e  c a l c u l a t e d  l o a d  c a p a c i t y  exceed ing  t h e  measured 

v a l u e s  by a n  i n c r e a s i n g  margin.  The d i s c r e p e n c y  i s  b e l i e v e d  t o  be a 

r e s u l t  o f  non-uniform motion and i m p e r f e c t  ma t ing  of  t h e  t es t  b e a r i n g  

s u r f a c e s ,  and v i b r a t o r y  r e sponse  of t h e  suppor t ed  mass.  

(2 )  I n t r o d u c t i o n  o f  t h e  male b e a r i n g  cone caused a r e d u c t i o n  i n  female 

cone motion ampl i tude  by a f a c t o r  of abou t  1 . 6 .  T h i s  motion a t t e n u a t i o n  

w a s  e s s e n t i a l l y  c o n s t a n t  w i t h  a p p l i e d  l o a d .  It appea red  t o  be caused 
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by v i s c o u s  damping of t h e  squeeze f i l m .  

( 3 )  There w a s  some d i f f i c u l t y  w i t h  material  t r a n s f e r  from t h e  male aluminum 

cone s u r f a c e  t o  t h e  molybdenium fema le  cone s u r f a c e .  P r o t e c t i v e  s u r f a c e  

c o a t i n g s  were h e l p f u l  i n  p r e v e n t i n g  t h i s .  

DESIGN OF THE PRECISION SQUEEZE-FILM BEARING FLOAT SUPPORT 

A s  a r e s u l t  of t h e  p r e v i o u s  work w i t h  e x p e r i m e n t a l  squeeze - f i lm  b e a r i n g  s u p p o r t s ,  

i t  was dec ided  t o  c o n t i n u e  w i t h  t h e  concept  c h a r a c t e r i z e d  by separate b e a r i n g  

e l e m e n t s  a t t a c h e d  t o  t h e  p i e z o e l e c t r i c  d r i v e r  t h rough  f l e x u r e s .  The f i r s t ,  

c o n i c a l  b e a r i n g ,  e x p e r i m e n t a l  t r a n s d u c e r  of  t h i s  t y p e  had been q u i t e  s u c c e s s f u l  

and t h e  o n l y  major  area i n  which improvement was needed was t o  a c h i e v e  more 

un i fo rm motion of t h e  b e a r i n g  s u r f a c e s .  I n  a d d i t i o n ,  i t  w a s  dec ided  t h a t  s p h e r i c a l  

segment b e a r i n g s  o f f e r e d  wor thwhi l e  advan tages  ove r  c o n i c a l  segments because  

of g r e a t l y  reduced r e q u i r e m e n b  on machining and assembly t o l e r a n c e s  f o r  a l i g n m e n t .  

The f i n a l  t r a n s d u c e r  d e s i g n ,  s e l e c t e d  f o r  f a b r i c a t i o n  and e v a l u a t i o n  i s  shown 

s c h e m a t i c a l l y  i n  F i g u r e  2 .  The b e a r i n g  segments are anodized aluminum. They 

are  cap  screwed and bonded w i t h  epoxy t o  s t ee l  f l e x u r e  s e c t i o n s .  T h i s  m u l t i -  

p i e c e  d e s i g n  w a s  used i n  p l a c e  o f  t h e  machined-from-one-piece d e s i g n  used f o r  

t h e  c o n i c a l  b e a r i n g  t r a n s d u c e r  f o r  s e v e r a l  r e a s o n s :  

( a )  To o b t a i n  h i g h  s t r e n g t h  and low i n t e r n a l  damping p r o p e r t i e s  f o r  t h e  

f l e x u r e  s e c t i o n .  

( b )  To o b t a i n  t h e  s t i f f n e s s  and r e s i s t a n c e  t o  t w i s t i n g  o f f e r e d  by a l a r g e  

b e a r i n g  element  c r o s s - s e c t i o n a l  area w h i l e  keep ing  t h e  mass a t t a c h e d  

t o  t h e  f l e x u r e  low enough t o  avo id  a n  e x c e s s i v e  r e d u c t i o n  i n  o p e r a t i n g  

f r e q u e n c y .  

The f l e x u r e  i s  i n  t h e  form of  a washer-shaped s e c t i o n  bounded a t  i t s  I D  b y  t h e  

heavy s e c t i o n  which b e a r s  a g a i n s t  t h e  end of  t h e  p i ezoce ramic  t u b e , a n d  a t  i t s  

OD by t h e  t h i n  c y l i n d r i c a l  s e c t i o n  which a t t a c h e s  t o  t h e  b e a r i n g  segment.  The 

p i ezoce ramic  m a t e r i a l  i s  Gulton HDT-31 l e a d  z i r c o n a t e - l e a d  t i t a n a t e a  The t h i n  

c y l i n d r i c a l  s e c t i o n  w a s  i n c o r p o r a t e d  t o  p r o v i d e  r e l i e f  f o r  t h e  b e a r i n g  segment 

from t h e  t w i s t i n g  moment r e s u l t i n g  from d e f l e c t i o n  of t h e  f l e x u r e .  The b e a r i n g -  

f l e x u r e  e n d s  are a t t a c h e d  t o  t h e  ends  of t h e  p i ezoce ramic  c y l i n d e r  by 1 2  t i e b o l t s  



- 5- 

which are to rqued  un i fo rmly  i n  o r d e r  t o  a c h i e v e  4000 - 5000 l b  compressive 

p r e l o a d  on t h e  j o i n t .  The s u r f a c e s  of t h e  j o i n t  are c o a t e d  w i t h  epoxy j u s t  p r i o r  

t o  assembly i n  o r d e r  t o  i n c r e a s e  t h e  e f f e c t i v e  c o n t a c t  area and t h u s  s t i f f e n  

t h e  c o n n e c t i o n .  

A t r i a n g u l a r - s h a p e d  frame i s  cemented t o  t h e  p i ezoce ramic  t u b e  a t  i t s  midplane 

f o r  t h e  purpose of h o l d i n g ,  o r  mounting t h e  e n t i r e  assembly.  The frame can  be  

s e e n  i n  t h e  photograph of  t h e  assembled u n i t ,  F i g u r e  3 .  The t r i a n g u l a r  c o n f i g u -  

r a t i o n  w a s  chosen because i t  o f f e r s  l i t t l e  r e s t r a i n t  t o  hoopmode v i b r a t o r y  

mot ions  o f  t h e  p i ezoce ramic  t u b e  w h i l e  s t i l l  p r o v i d i n g  r i g i d  r a d i a l  p o s i t i o n i n g  

of t h e  t u b e  a x i s .  

True s p h e r i c i t y  and c l o s e  confo rmi ty  of t h e  b e a r i n g  s u r f a c e s  i s  ach ieved  by 

l a p p i n g  t h e  m a l e  and female b e a r i n g  segments t o g e t h e r .  Both p a r t s  are aluminum 

and t h e y  are lapped f i r s t  a f t e r  machining u s i n g  aluminum o x i d e  l a p p i n g  compound 

u n t i l  a t  least 95 p e r  c e n t  c o n t a c t  i s  e s t a b l i s h e d .  Both p a r t s  are t h e n  anod ized  

and t h e y  are t h e n  f i n i s h  lapped u s i n g  diamond compound. Thus, t h e  r a d i i  of  

c u r v a t u r e  of t h e  b e a r i n g  p a r t s  are i d e n t i c a l  and t h e  b e a r i n g  c l e a r a n c e  i s  

o b t a i n e d  by i n t r o d u c i n g  ax ia l  end shake.  

As a r e s u l t  of e x p e r i m e n t a l  o b s e r v a t i o n s ,  which w i l l  be d e s c r i b e d ,  a m o d i f i c a t i o n  

was u n d e r t a k e n  f o r  t h e  purpose of o b t a i n i n g  a s t i f f e r ,  more uniform c o n n e c t i o n  

between t h e  f l e x u r e  and b e a r i n g  s e c t i o n s .  T h i s  m o d i f i c a t i o n ,  i l l u s t r a t e d  by 

F i g u r e  4 ,  r e s u l t s  i n  a cap-screwed, e p o x y - f i l l e d  j o i n t  loaded i n  d i r e c t  b e a r i n g  

i n s t e a d  o f  i n  s h e a r .  The m o d i f i c a t i o n  r e q u i r e d  f a b r i c a t i o n  of new s t e e l  

f l e x u r e  s e c t i o n s .  The same female b e a r i n g  s e c t i o n s  were mod i f i ed  and used .  

TRANSDUCER DESIGN 

Design a n a l y s i s  c u r v e s  f o r  t h e  a x i a l - e x c u r s i o n  s q u e e z e - f i l m  b e a r i n g  t r a n s d u c e r  

are g i v e n  i n  Ref .  3 .  The p e r t i n e n t  c a l c u l a t e d  d e s i g n  parameters f o r  t h e  

s p h e r i c a l - b e a r i n g  t r a n s d u c e r  d e s i g n s  a r e  g i v e n  i n  Tab le  1: 
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TABLE I 

CALCULATED DESIGN PARAMETERS OF PRECISION 

SQUEEZE - FILM BEARING TRANSDUCERS 

A x i a l  mode r e s o n a n t  f r equency  

of p i ezoce ramic  t u b e ,  kHz 

Weight o f  end p a r t s  r i g i d l y  

a t t a c h e d  t o  t u b e ,  l b .  

A x i a l  mode r e s o n a n t  f r equency  

of  d r i v e r  s e c t i o n  i n c l u d i n g  

r i g i d l y  a t t a c h e d  p a r t s ,  kHz 

O r  i g i n a  1 Mod i f  i e d  
Design Design 

33 33 

.62 

21 .o 

Weight o f  f l e x u r e  a t t a c h e d  p a r t s ,  lb. .68 

R a t i o  o f  d r i v e r  s e c t i o n  mass t o  2 . 3 1  

b e a r i n g  s e c t i o n  mass.  (A p a)  1 1  
b m 

6 F l e x u r e  s t i f f n e s s ,  I b l i n  x 10 

R a t i o  of  d r i v e r  s e c t i o n  s t i f f n e s s  

t o  f l e x u r e  s t i f f n e s s ,  AIEl  
kR 

O p e r a t i n g  Frequency kHz 

A m p l i f i c a t i o n  F a c t o r  ( C3 ) - 
aEO 

5 .O 

10 

5.7 

= 9.8 

.66 

20.4 

.797 

2.02 

5 .O 

10 

5.62 

= 10 



BEARING DESIGN 

C a l c u l a t e d  b e a r i n g  performance c u r v e s  were o b t a i n e d  by use of  t h e  t h e o r e t i c a l  

a n a l y s i s  f o r  t h e  s p h e r i c a l  squeeze - f i lm  gas  b e a r i n g  w i t h  s m a l l  s t e a d y - s t a t e  

r a d i a l  d i s p l a c e m e n t  (Ref .  6 ) .  The p e r t i n e n t  d e s i g n  pa rame te r s  of  t h e  e x p e r i m e n t a l  

b e a r i n g s  a r e  : 

Azimuthal  a n g l e  measured from t h e  a x i s  t o  t h e  

s m a l l  d i a m e t e r  edge of  t h e  b e a r i n g  (Q ) 

Azimuthal  a n g l e  measured from the a x i s  t o  t h e  

l a r g e  d i a m e t e r  edge of  t h e  b e a r i n g  (Q ) 

40' 

1 
76.5' 

2 
C l e a r a n c e  (c) based on d i f f e r e n c e  i n  male and 0 

f ema le  member r a d i i  of  c u r v a t u r e  

S i n g l e - s i d e  a x i a l  end shake (6 ) , m i l s  1 . 5  

Rad ius  of c u r v a t u r e  (R) ,  i n  1.8 
0 

Performance c u r v e s  o f  a x i a l  s t i f f n e s s  (k ), a x i a l  load c a p a c i t y  (F ) and r a d i a l  

s t i f f n e s s  f o r  s m a l l  r a d i a l  d i sp l acemen t s  abou t  t h e  z e r o  e c c e n t r i c i t y  p o s i t i o n  

(s) a r e  g i v e n  i n  F i g u r e s  5 th rough  7 r e s p e c t i v e l y .  These c u r v e s  a r e  f o r  t h e  

s i n g l e  end b e a r i n g .  To o b t a i n  r e s u l t s  f o r  t h e  double-ended f l o a t  i t  i s  

n e c e s s a r y  t o  combine t h e  e f f e c t s  of both e n d s .  

Z Z 

The performance c u r v e s  a r e  based on the a sympto t i c  s q u e e z e - f i l m  s o l u t i o n  which 

i s  a p p l i c a b l e  f o r  l a r g e  v a l u e s  of  squeeze number, 

g r e a t e r  t h a n  abou t  100. I f  t h e  c l e a r a n c e  (C) i s  t aken  a s  t h a t  due t o  end shake 

f o r  t h e  e q u i v a l e n t  c o n i c a l  b e a r i n g  ( 60 d e g r e e  cone apex a n g l e ) ,  t h e  t e s t  

b e a r i n g  squeeze number i s  275, so  t h e  a sympto t i c  s o l u t i o n  i s  a p p l i c a b l e .  

(R/C)  
12p-v 

'a 

EX PER I MENTAL I NVE S T I GA T I  ON 

Unmodified Transducer  Desim 

The t r a n s d u c e r ,  a s  o r i g i n a l l y  d e s i g n e d ,  was assembled w i t h o u t  t h e  f l o a t  i n  

p l a c e  and measurements o f  t h e  b e a r i n g  v i b r a t o r y  motion were made u s i n g  

Wayne-Kerr c a p a c i t a n c e  gag ing  equipment.  The t r a n s d u c e r  was d r i v e n  by an 

o s c i l l a t o r  t h rough  a power a m p l i f i e r  w i t h  a m u l t i p l e - t a p  o u t p u t  t r a n s f o r m e r .  

C u r r e n t  t o  t h e  t r a n s d u c e r  was measured by s e n s i n g  t h e  v o l t a g e  d r o p  a c r o s s  a 

ser ies  r e s i s t o r .  
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The d r i v e  f r equency  r ange  from 4 t o  4 0  kHz was surveyed and prominent  r e sonances  

were i d e n t i f i e d  a t  13 .5  kHz (Hoop mode), 4 . 9  kHz ( a x i a l  mode), 5 .25 kHz ( a x i a l  

mode) and 6.25 kHz ( a x i a l  mode). There was a much weaker r e sonance  of undetermined 

mode a t  abou t  24 kHz. A s i n g l e  male bea r ing  member was r e a d i l y  f l o a t e d  w i t h  t h e  

t r a n s d u c e r  a x i s  v e r t i c a l  a t  each  o f  t h e  t h r e e  a x i a l  mode f r e q u e n c i e s .  P r e l i m i n a r y  

measurements of b e a r i n g  e lement  v i b r a t o r y  motion i n d i c a t e d  c o n s i d e r a b l e  v a r i a -  

t i o n  i n  ampl i tude  w i t h  mer id i an  a n g l e .  

I n  o r d e r  t o  i n v e s t i g a t e  b e a r i n g  and t r ansduce r  performance more f u l l y ,  t h e  

f l o a t  was assembled i n t o  t h e  t r s n s d u c e r  w i t h  0.0015 i n c h  s i n g l e - s i d e  a x i a l  

end shake .  With t h e  a x i s  v e r t i c a l ,  t he  f l o a t  was suppor t ed  w i t h o u t  d i f f i c u l t y  

a t  4.9kHz d r i v e  f r equency .  Suppor t  was m a r g i n a l  a t  5 .25  and 6 .25  kHz f r e q u e n c i e s .  

When h e l d  w i t h  t h e  f l o a t  a x i s  h o r i z o n t a l ,  t h e  f l o a t  s u p p o r t  was a t  b e s t  marg ina l  

and ,  a t  w o r s t ,  i t  would n o t  l i f t  a t  a l l .  The performance depended on t h e  

d i r e c t i o n  of t h e  g r a v i t y  load  v e c t o r  w i th  r e s p e c t  t o  t h e  t r a n s d u c e r  assembly - 
t h a t  i s ,  on t h e  m e r i d i a n  a n g l e  of t h e  load v e c t o r .  D i f f e r e n t  v a l u e s  of  a x i a l  

end s h a k e ,  i n c l u d i n g  0.001 and 0.002 inch s i n g l e - s i d e ,  were t r i e d  b u t  t h e s e  

gave  p o o r e r ,  r a t h e r  t h a n  b e t t e r ,  r e s u l t s .  

C a p a c i t a n c e  gage p robes  were mounted on t h e  f l o a t  i n  o r d e r  t o  measure t h e  

female  b e a r i n g  e l emen t  motions w i t h  r e s p e c t  t o  t h e  f l o a t  i n  b o t h  t h e  a x i a l  

and r a d i a l  d i r e c t i o n s .  By t u r n i n g  t h e  f l o a t ,  which was a i r b o r n e ,  t h e  v a r i a -  

t i o n  i n  mot ion  w i t h  mer id i an  a n g l e  was de t e rmined .  R e s u l t s  a r e  g iven  i n  

F i g u r e s  8 and 9 f o r  t h e  two ends ,  i d e n t i f i e d  a s  numbers 3 and 4 by t h e  

matching  marks made on them d u r i n g  manufac ture .  The d a t a  a r e  f o r  a d r i v e  

f r equency  of  4.9 kHz which was c l e a r l y  t h e  most e f f e c t i v e  o f  t h e  s e v e r a l  

r e s o n a n t  f r e q u e n c i e s  w i t h  r e s p e c t  t o  ach iev ing  s u p p o r t  o f  t h e  f l o a t .  The 

l o c a t i o n  and d i r e c t i o n  of t h e  measurements a r e  i d e n t i f i e d  s c h e m a t i c a l l y .  The 

a n g u l a r  p o s i t i o n  s c a l e  f o r  bo th  ends i s  based on c lockwise  m e r i d i o n a l  r o t a t i o n  

from t h e  r e f e r e n c e  mark when l o o k i n g  down on t h e  No. 4 end.  

These r e s u l t s  show a ve ry  l a r g e  (about  5 t o  1) v a r i a t i o n  i n  t h e  ampl i tude  of t h e  

a x i a l  v i b r a t i o n  w i t h  a n g u l a r  p o s i t i o n .  There i s  a s i m i l a r  v a r i a t i o n  i n  r a d i a l  

mot ion ,  e s p e c i a l l y  when measured a t  the b e a r i n g  segment ,  e x c e p t  t h a t  t h e  maxima 
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f o r  r a d i a l  motion c o r r e s p o n d s  t 9  t h e  minima i n  a x i a l  motion.  When t h e  a x i a l  

and r a d i a l  motions a r e  i n  phase ,  t h e y  are s u b t r a c t i v e  w i t h  r e s p e c t  t o  normal 

motion of  t h e  b e a r i n g  s u r f a c e .  Thus,  t h e r e  was c l e a r l y  a ve ry  l a r g e  v a r i a t i o n  

i n  s q u e e z e - f i l m  e x c u r s i o n  which cou ld  e a s i l y  e x p l a i n  t h e  r a t h e r  u n s a t i s f a c t o r y  

f l o a t  l i f t  c h a r a c t e r i s t i c s  of  t h e  t r a n s d u c e r .  

The t r a n s d u c e r  was d i sa s sembled  and the p i ezoce ramic  c y l i n d e r  was d r i v e n  a t  

i t s  a x i a l  mode r e s o n a n c e .  Measurements of  t h e  c y l i n d e r  end motion i n d i c a t e d  

un i fo rm motion of e q u a l  ampl i tude  a t  a l l  a n g u l a r  p o s i t i o n s  s u g g e s t i n g  t h a t  

t h e  p i e z o - d r i v e r  i t s e l f  was n o t  a t  f a u l t .  

A s  p a r t  o f  t h e  subsequen t  e f f o r t  t o  i d e n t i f y  t h e  r e a s o n s  f o r  t h e  non-uniform 

motion of  t h e  b e a r i n g  segments ,  measurements were made of  t h e  s t a t i c  s t i f f n e s s  

of  t h e  f l e x u r e - b e a r i n g  a s s e m b l i e s .  The end assembly was suppor t ed  on t h e  

a n n u l a r  s u r f a c e  which no rma l ly  b e a r s  a g a i n s t  t h e  p i ezoce ramic  c y l i n d e r ,  and 

load was a p p l i e d  a t  t h e  c e n t e r  of  t h e  ma le  b e a r i n g  member which was s e a t e d  i n  

t h e  f ema le  b e a r i n g .  D e f l e c t i o n s  were measured i n  t h e  a x i a l  d i r e c t i o n  w i t h  

r e s p e c t  t o  t h e  s u r f a c e  of  t h e  s u p p o r t ,  which was a 1 .5  inch  t h i c k  b l o c k  of  s t e e l .  

The d e f l e c t i o n s  were measured a t  t h e  s t e p  on t h e  b e a r i n g  and a t  t h e  OD o f  t h e  

f l e x u r e  w a s h e r ,  and a t  f o u r  equa l ly - spaced  p o s i t i o n s  around t h e  r i n g  c o r r e s -  

ponding t o  t h e  0 ,  90,  180 and 2 7 0  degree m e r i d i a n  a n g l e  p o s i t i o n s .  The r e s u l t s  

a r e  shown i n  F i g u r e s  10 and 11. The d e f l e c t i o n  of b o t h  f l e x u r e  s e c t i o n s  i s  

q u i t e  uniform w i t h  a n g u l a r  p o s i t i o n  and t h e  two ends  a r e  comparable w i t h  a n  
6 e f f e c t i v e  s t i f f n e s s  of  abou t  3 .5  x 10 l b / i n .  The d e f l e c t i o n  of  t h e  f l e x u r e  

s e c t i o n  t o g e t h e r  w i t h  t h e  c o n n e c t i o n  between f l e x u r e  and b e a r i n g  s e c t i o n s  i s  

n o t  so un i fo rm,  e s p e c i a l l y  f o r  t h e  number 4 end .  The measurements f o r  t h i s  

end show a v a r i a t i o n  i n  c o n n e c t i o n  d e f l e c t i o n  w i t h  a n g u l a r  p o s i t i o n  of n e a r l y  

4 t o  1. The p o i n t  of  l o w e s t  c o n n e c t i o n  d e f l e c t i o n  i s  c l o s e  t o  t h e  r e f e r e n c e  

mark which c o r r e s p o n d s  t o  t h e  r e g i o n  of maximum v i b r a t o r y  motion of  t h e  

assembled t r a n s d u c e r  (F igu re  9 ) .  For t h e  number 3 end ,  t h e  v a r i a t i o n  i s  much 

s m a l l e r  and may be w i t h i n  t h e  r ange  o f  measurement e r r o r .  Thus,  i t  appeared 

l i k e l y  t h a t  t h e  observed nonun i fo rmi ty  i n  t h e  b e a r i n g  e x c u r s i o n  was caused 

by t h e  m e r i d i o n a l  v a r i a t i o n  i n  f l e x u r e - t o - b e a r i n g  c o n n e c t i o n  s t i f f n e s s  of  t h e  

number 4 e n d .  
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MODIFIED TRANSDUCER DESIGN 

The t r a n s d u c e r  d e s i g n  was modif ied a s  shown i n  F i g u r e  4 t o  o b t a i n  a s t i f f e r ,  more 

uniform c o n n e c t i o n  between t h e  f l e x u r e  and b e a r i n g  s e c t i o n s .  S i n c e  t h i s  r e q u i r e d  

f a b r i c a t i o n  of new f l e x u r e  s e c t i o n s ,  t h e  f l e x u r e  washer t h i c k n e s s  was a l s o  i n -  

c r e a s e d  from 0.170 t o  0.190 i n c h  i n  an e f f o r t  t o  o b t a i n  a f l e x u r e  s t i f f n e s s  c l o s e r  

t o  t h e  d e s i g n  o b j e c t i v e  of  5 .0  x 10 l b l i n .  P r i o r  t o  assembly,  t h e  s u r f a c e s  of 

t h e  f l e x u r e - b e a r i n g  c o n n e c t i o n  were lapped t o g e t h e r .  

6 

S t a t i c  compliance of  t h e  f l e x u r e s  and of t h e  combined f l e x u r e - b e a r i n g  s e c t i o n s  

were measured a s  b e f o r e .  The resu l t s  showed uniform f l e x u r e  d e f l e c t i o n s  w i t h  an 
6 o v e r a l l  f l e x u r e  s t i f f n e s s  of 5.0 x 10 l b / i n .  D e f l e c t i o n  of t h e  combined f l e x u r e  

and c o n n e c t i o n ,  measured a t  t h e  b e a r i n g  s t e p ,  showed v a r i a t i o n s  a t  t h e  f o u r ,  

e q u a l l y  spaced a n g u l a r  p o s i t i o n s  of about 10 p e r c e n t  which i s  w i t h i n  t h e  e s t i -  

mated e x p e r i m e n t a l  e r r o r .  

The t r a n s d u c e r  was assembled i n  a s t e p - w i s e  f a s h i o n  and performance was checked 

a t  e a c h  s t e p .  With j u s t  t h e  f l e x u r e  s e c t i o n s  a t t a c h e d  t o  t h e  d r i v e r ,  and w i t h  

t h e  t i e  b o l t s  i n s t a l l e d  and t h e  d r i v e r - f l e x u r e  c o n n e c t i o n s  epoxy f i l l e d ,  t h e  

u n i t  d r o v e  e x t r e m e l y  w e l l  a t  7 . 8  kHz. The mot ions ,  measured a t  t h e  end s u r f a c e  

which b e a r s  a g a i n s t  t h e  b e a r i n g  seqment, were uniform w i t h i n  10 p e r c e n t  and t h e  

s y s t e m  o b v i o u s l y  had an e x t r e m e l y  h i g h  mechanical  Q.  Ax ia l  e x c u r s i o n  a m p l i t u d e s  

i n  e x c e s s  of  700 p i n  p-p were ob ta ined  w i t h  40 v o l t s  r m s  d r i v e ,  

A t t a c h i n g  t h e  b e a r i n g  s e c t i o n s  b rough t  t h e  r e s o n a n t  f r equency  down t o  5 , 7 5  kHz; 

reduced t h e  mechanical  Q s u b s t a n t i a l l y ;  and produced s i g n i f i c a n t l y  s m a l l e r  motions 

a s  measured a t  t h e  b e a r i n g  s teps .  The performance of t h e  modif ied t r a n s d u c e r  

w i t h o u t  t h e  f l o a t  i s  summarized i n  F i g u r e  1 2 .  The v a r i a t i o n  i n  a x i a l  e x c u r s i o n  

ampl i tude  w i t h  a n g u l a r  p o s i t i o n  was much less  than  t h a t  o b t a i n e d  w i t h  t h e  un- 

mod i f i ed  t r a n s d u c e r ,  b u t  t h e r e  were s t i l l  d i f f e r e n c e s  of  abou t  20 p e r c e n t  R a d i a l  

motions were measured ou tboa rd  from the b e a r i n g  s t e p  ( p o s i t i o n  B a s  shown i n  the  

s c h e m a t i c s  of F i g u r e s  8 and 9). These measurements showed a r a d i a l ,  hoop mode 

v i b r a t i o n  coupled t o  t h e  a x i a l  e x c u r s i o n  and i n  phase w i t h  i t  - t h a t  i s ,  a s  t h e  

f ema le  b e a r i n g  moved outward,  away from t h e  c e n t e r  p l a n e ,  i t  a l s o  expanded,  be- 

coming l a r g e r  i n  d i a m e t e r .  
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The i n t e r a c t i o n  of t h e  a x i a l  and hoop mode v i b r a t i o n s  i s  such t h a t  t hey  a r e  sub- 

t r a c t i v e  i n s o f a r  a s  t h e  squeeze motion normal t o  t h e  b e a r i n g  s u r f a c e  i s  conce rned .  

The e f f e c t  i s  s u b s t a n t i a l ,  p a r t i c u l a r l y  a t  t h e  l a r g e  d i a m e t e r  end where t h e  a c t u a l  

normal s u r f a c e  e x c u r s i o n  i s  a p p a r e n t l y  o n l y  abou t  50-60 p e r c e n t  of  t h a t  which 

would p r e v a i l  i f  t h e r e  were no hoop mode motion.  There was no a c c e s s i b l e  s u r f a c e  

f o r  measurement of motion i n  t h e  r a d i a l  p l a n e  a t  t h e  s m a l l  d i a m e t e r  end w i t h  t h e  

mod i f i ed  t r a n s d u c e r  d e s i g n .  However, p r e v i o u s  measurements on t h e  unmodified 

t r a n s d u c e r  ( F i g u r e s  8 and 9) s u g g e s t  t h a t  t h e r e  a r e  no modal p o i n t s  a l o n g  t h e  

b e a r i n g  e l emen t  and t h e  r a d i a l  motions a t  t h e  s m a l l  d i a m e t e r  end a r e  n e a r l y  a s  

l a r g e  a s  t h o s e  measured a t  t h e  l a r g e  d i ame te r  end .  

The f l o a t  was assembled i n t o  t h e  t r a n s d u c e r  and measurements were made of t h e  

b e a r i n g  a x i a l  e x c u r s i o n  w i t h  r e s p e c t  to t h e  f l o a t  ( F i g u r e s  13 and 14 ) .  The a d d i -  

t i o n  of t h e  f l o a t  r e s u l t e d  i n  a g e n e r a l ,  o v e r a l l  r e d u c t i o n  i n  a x i a l  e x c u r s i o n  

a m p l i t u d e s  (by a f a c t o r  of  abou t  1.8 which i s  somewhat l a r g e r  t han  t h e  r e d u c t i o n  

p r e v i o u s l y  noted f o r  t h e  c o n i c a l  bea r ing .  However, i t  should b e  noted t h a t  o n l y  

one male b e a r i n g  p a r t  was used w i t h  the c o n i c a l  b e a r i n g  t r a n s d u c e r . )  I n  a d d i t i o n ,  

t h e r e  a p p e a r s  t o  be a g r e a t e r  v a r i a t i o n  i n  t h e  e x c u r s i o n  w i t h  mer id i an  a n g l e  (up 

t o  a b o u t  35 p e r c e n t  from t h e  p r e v i o u s l y  observed 20 p e r c e n t ) .  

e f f e c t s  a r e  b e l i e v e d  t o  be m a n i f e s t a t i o n  of  a d d i t i o n a l  damping i n t r o d u c e d  by t h e  

b e a r i n g  squeeze  f i l m s .  They probably a l s o  r e f l e c t  t h e  f a c t  t h a t  a x i a l  v i b r a t o r y  

mot ions  of  t h e  f l o a t  were d e t e c t e d  a t  t he  squeeze f r e q u e n c y .  The f l o a t  motion,  

o r  more p r o p e r l y ,  t h e  motion of t h e  m a l e  b e a r i n g  segment a t t a c h e d  t o  t h e  f l o a t ,  

was measured by a c a p a c i t a n c e  probe supported on a h o l d e r  r e s t i n g  on t h e  t a b l e  

s u r f a c e .  The motion was i n  phase w i t h  t h e  female b e a r i n g  a x i a l  e x c u r s i o n  and i t  

amounted t o  abou t  10 p e r c e n t  of t h e  female b e a r i n g  a x i a l  e x c u r s i o n  measured w i t h  

r e s p e c t  t o  t h e  male b e a r i n g  (40 p i n  p-p f l o a t  motion a t  100 v o l t s  r m s  d r i v e  w i t h  

a f ema le  b e a r i n g  a x i a l  e x c u r s i o n  of about 350 p i n  p - p ) .  The e f f e c t  of t h e  male 

b e a r i n g  v i b r a t i o n  i s  t o  r e d u c e  t h e  e f f e c t i v e  s q u e e z e - f i l m  e x c u r s i o n  r a t i o .  I t ' s  

s i g n i f i c a n c e  i s  i n d i c a t e d  by t h e  f a c t  t h a t  r e d u c i n g  t h e  e x c u r s i o n  r a t i o  by t e n  

p e r c e n t ,  from E = 0 .55  t o  E = 0 . 5 ,  r educes  t h e  t h e o r e t i c a l  load c a p a c i t y  and 

s t i f f n e s s  by 15 t o  20 p e r c e n t .  

I n  p a r t ,  t h e s e  

A x i a l  and r a d i a l  load c a p a c i t y  measurements of t h e  comple t e  f l o a t  s q u e e z e - f i l m  

s u p p o r t  were o b t a i n e d  by suspend ing  we igh t s  from t h e  f l o a t  and measuring t h e  
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r e s u l t i n g  d i s p l a c e m e n t  u s i n g  c a p a c i t a n c e  p robes  mounted on t h e  f l o a t  " looking a t "  

, t h e  f ema le  b e a r i n g .  The s i n g l e  b e a r i n g  a x i a l  load c a p a c i t y ,  c a l c u l a t e d  from t h e  

I t h e o r e t i c a l  d a t a  of F i g u r e  6 ,  i s  shown i n  F i g u r e  15 f o r  250 and 127 p. i n  s i n g l e -  I 

I s i d e  a x i a l  e x c u r s i o n s .  The 127 p. i n  e x c u r s i o n  d a t a  r e p r e s e n t s  a n  e q u i v a l e n t  a x i a l  

e x c u r s i o n  f o r  combined a x i a l  and hoop mode v i b r a t i o n s  of  250 and 70.5 p i n  s i n g l e -  

s i d e  a m p l i t u d e s  r e s p e c t i v e l y .  The c o r r e c t i o n  i s  approximate s i n c e  i t  presumes 

uniform a m p l i t u d e  v i b r a t i o n s  and a s i n g l e  v a l u e  of t h e  normal component of t h e  

hoop mode motion based on a 60 d e g r e e  apex a n g l e  c o n i c a l  b e a r i n g  s u r f a c e .  

l a t e d  and measured a x i a l  load c a p a c i t i e s  f o r  t h e  complete  f l o a t  a r e  g i v e n  i n  

F i g u r e  1 6 .  The measured d a t a  p o i n t s  (140 v r m s  d r i v e )  l i e  between t h e  two c a l c u -  

Calcu-  

l a t e d  c u r v e s  s u g g e s t i n g  t h a t ,  w h i l e  some c o r r e c t i o n  i n  t h e  e x c u r s i o n  based on 

measurement of a x i a l  motion a l o n e  i s  needed, the c o r r e c t i o n  used was t o o  ex t r eme .  

The measured u l t i m a t e  load c a p a c i t y ,  d e f i n e d  a s  t h e  maximum load which could be 

suppor t ed  b e f o r e  t h e r e  was ev idence  of  c o n t a c t  between t h e  b e a r i n g  s u r f a c e s ,  was 

1 2 . 6 5  l b .  a x i a l  and 6 .65  l b .  r a d i a l .  

Complete t h e o r e t i c a l  d a t a  f o r  c a l c u l a t i n g  r a d i a l  load c a p a c i t y  were n o t  a v a i l a b l e .  

However, t h e  c a l c u l a t e d  r a d i a l  s t i f f n e s s  f o r  s m a l l  e x c u r s i o n s  abou t  t h e  z e r o  
3 r a d i a l  e c c e n t r i c i t y  p o s i t i o n  i s  1 2 . 6  x 10 l b / i n .  f o r  an a x i a l  e x c u r s i o n  ampl i tude  

of 250 p. i n  s i n g l e - s i d e  and 6 . 6  x lo3 l b / i n .  f o r  t h e  c o r r e c t e d  a x i a l  e x c u r s i o n  of 

127 p i n .  Based on t h e  observed r a d i a l  d e f l e c t i o n  due t o  t h e  1 .65  l b .  f l o a t  a l o n e  

( d i f f e r e n c e  i n  f l o a t  r a d i a l  p o s i t i o n  wi th  t h e  a x i s  h o r i z o n t a l  and v e r t i c a l ) ,  t h e  
3 measured r a d i a l  s t i f f n e s s  was 5 . 9  x 10 l b / i n .  a t  t h e  number 3 b e a r i n g  end and 

5 . 4  x 10 l b l i n .  a t  t h e  number 4 end .  Thus,  t h e  r a d i a l  load r e s u l t s  show much 

b e t t e r  agreement w i t h  t h o s e  c a l c u l a t e d  r e s u l t s  which i n c l u d e  t h e  c o r r e c t i o n  t o  

t h e  e x c u r s i o n  f o r  hoop mode v i b r a t i o n .  It a p p e a r s  t h a t  t h e  coup led  hoop mode 

v i b r a t i o n  h a s  a g r e a t e r  e f f e c t  on t h e  b e a r i n g  performance w i t h  r a d i a l  l o a d i n g  

t h a n  i t  h a s  w i t h  a x i a l  l o a d i n g .  Th i s  i s  r e a s o n a b l e  f o r  t h e  s p h e r i c a l  b e a r i n g  

geometry s i n c e  a t  t h e  l a r g e  d i a m e t e r  s e c t i o n  of t h e  b e a r i n g  t h e r e  i s  b o t h  a 

g r e a t e r  p r o j e c t e d  a r e a  f o r  r a d i a l  l oad ing  and a l a r g e r  e f f e c t  of hoop mode v i b r a -  

t i o n  on t h e  normal squeeze motion of t h e  s u r f a c e .  It seems l i k e l y  t h a t  t h e  hoop 

mode motion a t  t h e  s m a l l  d i a m e t e r  end of t h e  b e a r i n g  would be s m a l l e r  t h a n  t h a t  

measured a t  t h e  l a r g e  d i a m e t e r  end because of  t h e  much g r e a t e r  s e c t i o n  t h i c k n e s s  

t h e r e .  T h i s  p l u s  t h e  reduced r a d i a l  motion component i n  t h e  d i r e c t i o n  normal t o  

t h e  s u r f a c e  (because of  t h e  s p h e r i c a l  geometry) would m i t i g a t e  t h e  l o s s  i n  pe r -  

formance w i t h  a x i a l  l o a d i n g .  

3 
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The measured r a d i a l  s t i f f n e s s  based on t h e  d e f l e c t i o n  r e s u l t i n g  from i n c r e a s i n g  

t h e  r a d i a l  load from 5 . 6 5  t o  6 .65 l b .  was 1 2 . 5  x lo3 l b j i n .  a t  t h e  number 3 

b e a r i n g  and 13.0 x lo3 l b l i n .  a t  t h e  number 4 end .  

t h e  r a d i a l  load v e c t o r  p a s s i n g  through t h e  180 d e g r e e  m e r i d i a n  a n g l e  p o s i t i o n .  

These d a t a  were o b t a i n e d  w i t h  
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CONCLUSIONS 

The performance of  t h e  s p h e r i c a l - b e a r i n g ,  a x i a l - e x c u r s i o n  t r a n s d u c e r  a s  a 

s u p p o r t  f o r  t h e  s i m u l a t e d  gyro f l o a t  was g e n e r a l l y  s a t i s f a c t o r y .  For i d e a l -  

i z e d  squeeze motion,  t h e  expe r imen ta l  d e v i c e  f a i l e d  t o  match t h e  t h e o r e t i c a l  

f l o a t  load c a p a c i t y  and s u p p o r t  s t i f f n e s s  c h a r a c t e r i s t i c s  by a f a c t o r  of  

r o u g h l y  2 f o r  a x i a l  l o a d i n g .  

ments a b o u t  t h e  z e r o  r a d i a l  load p o s i t i o n ,  t h e  d i s c r e p e n c y  f o r  r a d i a l  l o a d i n g  

was a b o u t  t h e  same w i t h  measured s t i f f n e s s e s  of  43 and 47 p e r c e n t  of t h e o r e t i -  

c a l  f o r  t h e  two ends measured s e p a r a t e l y .  The maximum l o a d s  which cou ld  be 

c a r r i e d  w i t h o u t  a p p a r e n t  c o n t a c t  between t h e  b e a r i n g  s u r f a c e s  were 12 .65  and 

6.65  l b s .  f o r  a x i a l  and r a d i a l  l oads  r e s p e c t i v e l y .  

Based on r a d i a l  s t i f f n e s s  f o r  s m a l l  d i s p l a c e -  

2)  The i d e a l i z e d  squeeze motion,  a s  assumed i n  t h e  t h e o r e t i c a l  work, i s  a un- 

i f o r m ,  r i g i d  body, a x i a l  e x c u r s i o n  of t h e  female b e a r i n g  e l e m e n t s .  The 

a c t u a l  motion d i f f e r e d  from t h i s  i d e a l i z e d  model i n  s e v e r a l  respects .  

(a) The a x i a l  motion was n o t  uniform - i n s t e a d  t h e r e  were v a r i a t i o n s  i n  

a m p l i t u d e  w i t h  m e r i d i a n  a n g l e  of 20 t o  35 p e r c e n t .  

(b) The re  i s  a hoop mode v i b r a t i o n  of  t h e  female b e a r i n g  element  coupled t o  

t h e  a x i a l  e x c u r s i o n  such  t h a t  t h e  squeeze motion measured normal t o  t h e  

b e a r i n g  s u r f a c e ,  i s  reduced by t h e  i n t e r a c t i o n .  The e f f e c t  on b e a r i n g  

squeeze  motion a p p e a r s  t o  be s i g n i f i c a n t ,  p a r t i c u l a r l y  a t  t h e  l a r g e -  

d i a m e t e r  end of t h e  b e a r i n g .  I n  t h i s  r e g i o n  t h e  a c t u a l ,  normal squeeze 

motion i s  o n l y  abou t  50 p e r c e n t  of  t h a t  which would be o b t a i n e d  i f  t h e r e  

were no coupled hoop mode motion.  

3)  When a n  approximate c o r r e c t i o n  was made t o  t h e  a x i a l  e x c u r s i o n  used i n  t h e  

c a l c u l a t i o n s  f o r  t h e  e f f e c t  of  t h e  coupled hoop mode v i b r a t i o n ,  t h e  measured 

and c a l c u l a t e d  r e s u l t s  were i n  good agreement f o r  r a d i a l  l o a d i n g .  The c o r -  

r e c t i o n  b rough t  t h e  c a l c u l a t e d  performance f o r  a x i a l  l o a d i n g  below t h e  meas- 

ured performance by a margin n e a r l y  e q u a l ,  b u t  o p p o s i t e  t o  t h a t  o b t a i n e d  f o r  

i d e a l i z e d  squeeze motion.  These appa ren t  d i f f e r e n c e s  i n  t h e  e f f e c t  of t h e  
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coup led  hoop mode motion w i t h  load d i r e c t i o n  c a n  be e x p l a i n e d  by t h e  s p h e r i c a l  

geometry of t h e  b e a r i n g  s u r f a c e  and t h e  p r o b a b i l i t y  of  reduced hoop mode ampli-  

t u d e  a t  t h e  sma l l -d i ame te r  end of  the b e a r i n g .  

4 )  The maximum r a d i a l  load i s  o n l y  about h a l f  t h e  maximum a x i a l  l o a d .  T h i s  may 

be i n  p a r t  due t o  t h e  f a c t  t h a t  t he  male and female b e a r i n g s  were lapped 

u n i f o r m a l l y  and c o n s e q u e n t l y  t h e  r a d i a l  c l e a r a n c e  i s  s m a l l e r  t han  t h e  a x i a l  

c l e a r a n c e ,  t h e  l a t t e r  hav ing  been a d j u s t e d  f o r  b e s t  a x i a l  load c a p a c i t y .  It 

i s  q u i t e  p o s s i b l e  t h a t  t h e  r a d i a l  load c a p a c i t y  c a n  be improved w i t h o u t  i m -  

p a i r i n g  t h e  a x i a l  load c a p a c i t y  i f  t h e  f ema le  b e a r i n g s  cou ld  be lapped t o  a 

r a d i u s  s l i g h t l y  l a r g e r  t han  t h a t  of t h e  male b e a r i n g s .  

5) The p r e c e e d i n g  o b s e r v a t i o n s  a p p l y  t o  t h e  modif ied t r a n s d u c e r  d e s i g n .  The 

m o d i f i c a t i o n  was aimed a t  a c h i e v i n g  g r e a t e r ,  more uniform s t i f f n e s s  of  t h e  

c o n n e c t i o n  between t h e  f l e x u r e  and b e a r i n g  s e c t i o n s  by chang ing  from a n  i n -  

t e r f a c e  loaded i n  s h e a r  t o  one loaded i n  d i r e c t  b e a r i n g .  P r i o r  t o  t h e  mod- 

i f i c a t i o n ,  t h e  a x i a l  e x c u r s i o n  of  t he  b e a r i n g  e l emen t  was e x t r e m e l y  non- 

uniform - d i f f e r e n c e s  i n  ampl i tude  of a s  much a s  1 t o  5 depending on a n g u l a r  

p o s i t i o n .  The m o d i f i c a t i o n  was very h e l p f u l ,  b u t  i t  h a s  become c l e a r  t h a t  

c o n n e c t i o n s  between p a r t s ,  e s p e c i a l l y  ou tboa rd  from t h e  f l e x u r e s ,  a r e  ex- 

t r e m e l y  c r i t i c a l .  Such connec t ions  a r e  v e r y  l i k e l y  t o  s h a r p l y  r e d u c e  t h e  

mechan ica l  Q o f  t h e  system, presumably because t h e y  i n t r o d u c e  damping. They 

a r e  a l s o  ve ry  l i k e l y  t o  c a u s e  m e r i d i o n a l  nonun i fo rmi ty  of t h e  b e a r i n g  e l emen t  

a x i a l  e x c u r s i o n .  I n  t h i s  r e g a r d  i t  i s  wor th  n o t i n g  t h a t  t h e r e  was no ev idence  

of t h i s  t ype  of  nonun i fo rmi ty  i n  t h e  motion of t h e  e a r l i e r  one -p iece  c o n i c a l  

b e a r i n g  t r a n s d u c e r  , a l t h o u g h  t h a t  u n i t  d i d  have nonun i fo rmi ty  of  motion due 

t o  a coupled t w i s t i n g  motion of the b e a r i n g  c r o s s  s e c t i o n ,  The two-piece 

d e s i g n  w i t h  s e p a r a t e ,  connected f l e x u r e  and b e a r i n g  s e c t i o n s  was chosen  t o  

o b t a i n  a b e a r i n g  e l emen t  which was r e s i s t a n t  t o  c r o s s - s e c t i o n a l  t w i s t i n g ,  

y e t  l i g h t  enough t o  keep t h e  system r e s o n a n t  f r equency  r e a s o n a b l y  h i g h  and,  

a t  t h e  same t i m e ,  t o  have t h e  f l e x u r e  made of  a m a t e r i a l  of h i g h  s t r e n g t h  

and low i n t e r n a l  damping. On b a l a n c e ,  t h e  one -p iece  d e s i g n  i s  p r o b a b l y  t o  

be p r e f e r r e d  because of g r e a t e r  long-time r e l i a b i l i t y  and more p r e d i c t a b l e ,  

c o n s i s t e n t  performance.  A l s o ,  i f  t h e r e  i s  t o  be nonun i fo rmi ty  of t h e  squeeze 
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mot ion ,  and i t  seems t h a t  t h e r e  w i l l  b e ,  i t  i s  p robab ly  p r e f e r r a b l e  f o r  i t  

t o  be a mode y i e l d i n g  uniform e x c u r s i o n  abou t  t h e  a x i s ,  such a s  t w i s t i n g  of 

t h e  b e a r i n g  c r o s s  s e c t i o n .  The mer id iona l  mode of nonun i fo rmi ty  observed 

w i t h  t h e  two-piece d e s i g n ,  i s  more u n d e s i r a b l e  because i t  should produce 

nonuniform r a d i a l  s t i f f n e s s  of the f l o a t  s u p p o r t .  

6 )  The d e s i g n  c h a r t s  f o r  the a x i a l - e x c u r s i o n  s q u e e z e - f i l m  t r a n s d u c e r  (Ref.  3) 

were a c c u r a t e  i n  t h e  p r e d i c t i o n  of o p e r a t i n g  f r equency  o f  t h e  e x p e r i m e n t a l  

t r a n s d u c e r  a f t e r  t h e  m o d i f i c a t i o n  t o  improve c o n n e c t i o n  s t i f f n e s s  was made. 

There was no e x p e r i m e n t a l  c o n f i r m a t i o n  of  t h e  c a l c u l a t e d  a m p l i f i c a t i o n  f a c t o r  

s i n c e  t h e  d r i v e r  s e c t i o n  e x c u r s i o n  was n o t  measured. 

7) One r e a s o n  f o r  p r e f e r r i n g  t h e  s p h e r i c a l  b e a r i n g  ove r  t h e  c o n i c a l  was i t s  

i n s e n s i t i v i t y  to  a l ignmen t  of  t h e  t w o  b e a r i n g  e n d s .  T h i s  expec ted  advantage 

was r e a l i z e d  s i n c e  t h e r e  were no unusual  p r e c a u t i o n s  t aken  t o  i n s u r e  a l i g n -  

ment and t h e r e  was no ev idence  of o p e r a t i o n a l  d i f f i c u l t y  a t t r i b u t a b l e  t o  

misal ignment  e f f e c t s .  

8) The t r i a n g u l a r  frame s u p p o r t  f o r  the t r a n s d u c e r  was s a t i s f a c t o r y  and i t  o f f e r e d  

v e r y  l i t t l e  a p p a r e n t  r e s t r a i n t  t o  t h e  p i ezoce ramic  tube  d r i v i n g  mot ion .  

9) There was no ev idence  of m a t e r i a l  t r a n s f e r  o r  s u r f a c e  d e t e r i o r a t i o n  of  t h e  

annodized aluminum b e a r i n g  e l emen t s .  
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APPENDIX A 

EXPERIMENTAL INVESTIGATION OF NASA BUILT SQUEEZE-FILM BEARING TRANSDUCER 

T h i s  t r a n s d u c e r  b e a r i n g  assembly had been used a s  a d e m o n s t r a t i o n  u n i t  p r i o r  t o  

i t s  r e c e i p t  a t  MTI f o r  e v a l u a t i o n .  I n  t h e  c o u r s e  of t h e  d e m o n s t r a t i o n s  t h e  pe r -  

formance of t h e  u n i t  had changed,  f o r  t h e  worse ,  and when r e c e i v e d  i t  was n o t  

o p e r a t i n g  a s  w e l l  a s  i t  had p r e v i o u s l y .  N e v e r t h e l e s s ,  measurements o f  t r a n s -  

d u c e r  performance were unde r t aken  t o  de t e rmine  t h e  mode of squeeze motion and,  

i n s o f a r  as  p o s s i b l e ,  t h e  performance c h a r a c t e r i s t i c s .  During t h e s e  measurements,  

t h e  f o l l o w i n g  o b s e r v a t i o n s  were made: 

1) When d r i v i n g  w i t h  t h e  s e l f - t u n i n g  c i r c u i t ,  t h e  u n i t  d i d  n o t  o p e r a t e  a t  

r e s o n a n c e  ( t h e r e  was o n l y  a s m a l l  c u r r e n t  draw and s m a l l  v i b r a t i o n  ampli-  

t u d e s ) .  

two major sys t em r e s o n a n t  f r e q u e n c i e s  were found i n  t h e  r ange  of 38-41 KC. 

The s e l f - t u n i n g  c i r c u i t  was d r i v i n g  between t h e s e  two r e s o n a n t  f r e q u e n c i e s .  

R e p l a c i n g  t h e  s e l f - t u n i n g  c i r c u i t  w i t h  a manual ly  tuned d r i v e r ,  

2) Using  t h e  manual ly- tuned d r i v e r ,  i t  was observed e i t h e r  male b e a r i n g  seg-  

ment cou ld  be f l o a t e d  a t  one end ( t h e  l e f t  end a s  i d e n t i f i e d  on t h e  accom- 

pany ing  s k e t c h )  and n e i t h e r  would f l o a t  i n  t h e  r i g h t  end b e a r i n g .  

3) Removing t h e  f l o a t  and u s i n g  a f i b e r - o p t i c  s e n s o r  t o  measure motion a t  t h e  

b e a r i n g  O.D. ,  one s t r o n g  r e s o n a n t  f r equency  was found ( i d e n t i f i e d  by a peak 

i n  measured v i b r a t i o n  ampl i tude )  a t  40,400 -f 50 c p s  f o r  t h e  l e f t  end .  

t h e  r i g h t  e n d ,  t h e r e  were a number of r e s o n a n t  f r e q u e n c i e s  i n  t h e  r ange  of 

38,300 t o  40,400 c p s .  The v i b r a t i o n  a m p l i t u d e s  of each  of  t h e s e  r e s o n a n t  

f r e q u e n c i e s  were rough ly  e q u a l  and a l l  were of c o n s i d e r a b l y  s m a l l e r  ampli-  

t ude  t h a n  was o b t a i n e d  a t  t h e  l e f t  end a t  40,400 c p s .  From t h i s  and t h e  

f a c t  t h a t  t h e r e  i s  a n  a u d i b l e  v i b r a t o r y  n o i s e  when d r i v i n g  t h e  u n i t ,  i t  

appeared t h a t  t h e  i n t e g r i t y  of t h e  d r i v e r - b e a r i n g  c o n n e c t i o n  a t  t h e  r i g h t  

end h a s  p r o b a b l y  been damaged. 

A t  

The f i b e r - o p t i c  s e n s o r  was used t o  m e a s u r e  motions a t  v a r i o u s  p o i n t s  on t h e  



l e f t - e n d  b e a r i n g  when o p e r a t i n g  a t  t h e  40,400 c p s  r e s o n a n c e .  The l o c a t i o n s  

of  t h e  measurement p o i n t s  a r e  i n d i c a t e d  a t  t h e  bottom of t h e  a t t a c h e d  s k e t c h .  

The r e s u l t s  of  t h e s e  measurements a r e  summarized a s  f o l l o w s :  

1) The motion a m p l i t u d e s  a r e  l a r g e  a t  the o u t e r ,  l a r g e  d i a m e t e r ,  end (measure- 

ment p o i n t  A) and d e c r e a s e  s t e a d i l y  a s  t h e  probe i s  moved inward. S p e c i f i c -  

a l l y  f o r  20 v o l t s  r u n s  d r i v e ,  t h e  measurements normal t o  t h e  b e a r i n g  s u r f a c e  

a r e  a s  f o l l o w s :  

P o s i t  i o n  Motion Amplitude 
p i n  p - p  

A 185 

B 40 

C < 10 p. i n  

D (Comparable t o  
t h e  i n s t r u m e n t  
n o i s e  l e v e l )  

A s l o t  was m i l l e d  th rough  t h e  o u t e r  hous ing  a t  one p o s i t i o n  t o  p r o v i d e  a c c e s s  

f o r  measurements on t h e  o u t e r  s u r f a c e  of t h e  b e a r i n g  s e c t i o n .  With 20 v o l t s  

r m s  d r i v e ,  t h e s e  a r e :  

P o s i t i o n  Motion Amplitude 
p i n  p - p  

E 90 

F 

G 

H 

23  

10- 15 

< 10 

2 )  Measurements a t  f o u r ,  e q u a l l y  spaced a n g u l a r  p o s i t i o n s  a t  t h e  O . D . ,  p o s i t i o n  

A ,  showed t h e  motion t o  b e  i n  phase and e q u a l  a t  each  p o i n t .  From t h i s ,  and 

t h e  r e s u l t s  d e s c r i b e d  i n  1, i t  appea r s  t h a t  t h e  t r a n s d u c e r  o p e r a t e s  w i t h  a 

hoop mode v i b r a t i o n  of  t h e  b e a r i n g  s e c t i o n  w i t h  l a r g e  ampl i tudes  i n  t h e  t h i n ,  

l a r g e  d i a m e t e r  r e g i o n  and v e r y  l i t t l e  motion a t  t h e  heavy s e c t i o n  n e a r  t h e  

c o n n e c t i o n  t o  t h e  f l e x u r e ,  A l t e r n a t i v e l y ,  i t  i s  p o s s i b l e  t h a t  t h e  mode i s  a 

r o t a t i o n  of t h e  e n t i r e  s e c t i o n  w i t h  a n o d a l  p o i n t  n e a r  t h e  f l e x u r e  c o n n e c t i o n .  
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I n  any c a s e ,  i t  i s  c l e a r l y  n o t  an a x i a l  mode v i b r a t i o n  of t h e  b e a r i n g  s e c t i o n  

a s  a r i g i d  body connec ted  t o  t h e  f l e x u r e .  

3) V i b r a t i o n  a m p l i t u d e ,  measured a t  p o i n t  A (normal t o  t h e  b e a r i n g  s u r f a c e  a t  

t h e  l a r g e  d i a m e t e r  end) and t r a n s d u c e r  power consumption were measured a t  

40,400 c p s  f r equency  f o r  s e v e r a l  v a l u e s  of d r i v e  v o l t a g e .  R e s u l t s  a r e  a s  

f o l l o w s :  

Drive V o l t s ,  r m s  Motion Amplitude Power Wat t s  

10 

20 

30 

110 

195 

430 

1 . 3  

4 . 6  

12 .6  



~ 

Fig .  A - 1  -21- 

L e f t  
End 

F i g .  A - 2  

1 0' 7 L e f t  End 

2 70' 90'- 

180' 

I 
E 

F 

G D 

R i g h t  
End 

H 



-22-  

LIST OF SYMBOLS 

C Bear ing  c l e a r a n c e  e q u a l  t o  d i f f e r e n c e  between female and male segment 

r a d i i  of c u r v a t u r e ,  i n .  

e A x i a l  e x c u r s i o n ,  s i n g l e - s i d e  peak, i n .  

A x i a l  l o a d ,  l b .  z F 

2 Ambient p r e s s u r e ,  l b j i n .  a P 

5 R a d i a l  s t i f f n e s s ,  l b / i n .  

A x i a l  s t i f f n e s s ,  l b / i n .  z 
K 

R B e a r i n g  r a d i u s  of c u r v a t u r e ,  i n .  

6 B e a r i n g  s i n g l e - s i d e  a x i a l  end shake,  i n .  

@ / C )  
6Jg 

a P A C o m p r e s s i b i l i t y  number = 

2 
CL V i s c o s i t y ,  l b . s e c / i n .  

V Squeeze f r equency  , r a d .  /sec . 

(P Azimuthal  a n g l e  between b e a r i n g  edge and c e n t e r  a x i s ,  d e g r e e s ,  

'3 M e r i d i o n a l  a n g u l a r  speed of r o t a t i o n ,  r a d . / s e c .  



LIST OF FIGURES 

Exper imen ta l  Con ica l -Bea r ing ,  Ax ia l -Excur s ion ,  Squeeze-Film Transducer  

Assembly. 

Exper imenta 1 S p h e r i c a l -  Bea r ing ,  Ax ia l  Excur s ion  Squeeze-Film Bearing 

P r o t o t y p e  - O r i g i n a l  Design.  

S p h e r i c a l - B e a r i n g  P r o t o t y p e  w i t h  Assembled F l o a t .  

Expe r imen ta l  Sphe r i ca l -Bea r  i n g  , Axia l  E x c u r s  i o n  Squeeze-Film Bea r ing  

P r o t o t y p e  - Modified Design.  

A x i a l  S t i f f n e s s  v s .  Excur s ion  R a t i o  f o r  S p h e r i c a l - B e a r i n g  P r o t o t y p e  - 
S i n g l e  End. 

A x i a l  Load C a p a c i t y  v s .  Excur s ion  R a t i o  f o r  S p h e r i c a l - B e a r i n g  P r o t o t y p e  - 
S i n g l e  End. 

R a d i a l  S t i f f n e s s  f o r  Small  S t e a d y - S t a t e  Displacements  v s .  Excur s ion  R a t i o  

f o r  S p h e r i c a l - B e a r i n g  P r o t o t y p e  - S i n g l e  End. 

Measured V i b r a t o r y  Motions - Unmodified Transducer  w i t h  F l o a t  Assembled - 
No. 3 Bear ing  End. 

Measured V i b r a t o r y  Motions - Unmodified Transduce r  w i t h  F l o a t  Assembled - 
No. 4 Bear ing  End. 

S t a t i c  D e f l e c t i o n  of  No. 3 S p h e r i c a l - B e a r i n g  End - O r i g i n a l  Design.  

S t a t i c  D e f l e c t i o n  of  No. 4 S p h e r i c a l - B e a r i n g  End - O r i g i n a l  Des ign .  

Performance of  Modified Transducer  Without  F l o a t .  



- 24- 

13) A x i a l  Excurs ion  Measurements f o r  Modif ied Transducer  - No. 3 Bear ing  End, 

F l o a t  I n s t a l l e d .  

14) A x i a l  Excur s ion  Measurements f o r  Modif ied Transducer  - No. 4 Bear ing  End, 

F l o a t  I n s t a l l e d .  

15) C a l c u l a t e d  A x i a l  Load Capac i ty  of Exper imenta l  S p h e r i c a l  Squeeze-Fi lm 

Bea r ing  - S i n g l e  End. 

16) C a l c u l a t e d  and Measured F l o a t  Ax ia l  Load C a p a c i t y .  



I 
aJ 
N 
al 

X w 
I 
d 
m 

X w 

M 
.rl 
Fr 



N U w 
!i 

I 
I ’ l l  



M 
.rl 
Fr 



W 

3 
t- 
V 

m 

- 
2 
6 
t2 
W 
v 

W 
E 
ar a 
L L  0 

w 
Iy 
3 

4 
lL 

m 
i= 
w 



5 .O 

1 .o 

"2 
2 

XP,R 

lo - .  

lo- '  
0.1 0 

I 

I 

--I---- 

I 

0 
e / 6  ; C = 0 

0 -5 0 .  

Q, = 40" 

Q~ = 7 6 , 5 "  

A = o  
I 

Fig. 5 Axia l  S t i f f n e s s  v s .  Excurs ion  R a t i o  f o r  

Sphe r i ca l -Bea r ing  P r o t o t y p e  - S i n g l e  End 

I 

3 



1 .o 

10- .l 

Z 
F 

2 
fiP,R 

- . . .... . 

I 
i 

% 
Q 2  
A 

= 40" 

= 7 6 . 5 "  

= o  
I 

0.1 0.2 0 - 3  0.4 0 . 5  0 . 6  O C 7  0 . 8  

e l 6  ; C =  0 

F i g .  6 A x i a l  Load Capac i ty  v s .  Excur s ion  R a t i o  f o r  

S p h e r i c a l - B e a r i n g  P r o t o t y p e  - S i n g l e  End 



5 .O 

1 .o 

------I 

10-1 

- 2  
10 

0.1 

. -. 

I-I 

I t------ -- 
- ... -_ _. 

gl = 40" 

g2 = 76-5'  

A = o  
I 

0.2 0.3 0.4  0 . 5  

e / 6  ; C = 0 

0 . 6  0 ' 7  0 - 8  

F i g .  7 R a d i a l  S t i f f n e s s  f o r  Small  S t e a d y - S t a t e  Di sp lacemen t s  v s .  

Excur s ion  R a t i o  f o r  S p h e r i c a l - B e a r i n g  P r o t o t y p e  - S i n g l e  End, 



500 

400 

300 

200 

100 

0 

100 

2 00 

300 

4 00 
0 

In -phase  

\ 

Out-of-phase 
w i t h  c u r r e n t  

C 

- -x--., 
I 

W 

\ 

\ B  

\ X  
\ 
\ 
\ 

\ 

\ 

A 

120 v o l t s  r m s  d r i v e  

-0 
- 

I 

60 12 0 180 240 300 

Angular P o s i t i o n ,  Degrees  
F i g .  8 Measured V i b r a t o r y  Motions - Unmodified Transducer  

With F l o a t  Assembled - No, 3 Bear ing  End 



400 

300 

200 

a 100 
1 a 
c 

.r( 

2 

aJ 

U 
4 
4 

.. 
- 3 0  

4 
c 
0 
.I4 

100: 2 

200 

300 

400 
0 

/ I I 

I I A 

c, 
D t 

I 

I In -phase  
w i t h  c u r r e n t  

e t - o f - p h a s e  

w l t h  c u r r e n t  

120 v o l t s  r m s  d r i v e  

I 

60 120 1.80 240 300 3 60 420 

Angular  P o s i t i o n ,  Degrees  

F i g .  9 Measured V i b r a t o r y  Motions - Unmodified Transducer  

With F l o a t  Assembled - No. 4 Bear ing  End 



3001 

2001 

n 
?I .. 
m 
m s 

1001 

Measured a t  S t e p  on Bea r ing  

-- - Measured a t  F l e x u r e  OD 

Mer id i an  Angle P o s i t i o n  
Measured CCW from Refe rence  
Mark 

e 0" 

x 90" 

o 180' 

Q 270" 

! I 
0 0.5 1.0 1.5 2 . o  

D e f l e c t i o n ,  mils 

F i g .  10 S t a t i c  D e f l e c t i o n  of N o ,  3 

S p h e r i c a l - B e a r i n g  End - 
Unmodified Design 



30t 

20c 

d 

a 
m 
0 

I 4  

n 

100 

Bear ing  

OD 

t i o n  
f e r e n c e  

0 0 .5  1 .o 1 . 5  2 - 0  2 . 5  

D e f l e c t i o n ,  m i l s  

F i g .  11 S t a t i c  D e f l e c t i o n  of No. 4 

S p h e r i c a l - B e a r i n g  End - 
Unmodified Design 



W 
3 
rl 

5 
m 

I4 
U 
-I 
0 > 
3 
A 

C 
U 
r( 

3 

E 

2 
2 
2 
Y 

h cc 
0 
Y 
0 
cc 
rl 
> 

0 
Y 

a 

W 

5: 
u 
m 
-0 
W 
u 
3 
m 
m 
3 

U 
m 
-0 
aJ 
u 
5 
m 
m 
3 

M 
u 

m 

0 z 
U 
C 
EJ 
u aJ 
U 
W 
E 
m 
.d 

a 

n 

aJ 
M 
I4 

3 

0 
2 

-0 
C w 

ul 
d r n  

ul 

0 z 
-u 
C w o  
d r n d  

0 z 

0 
0 

\o 
rl m 4. 

m 

E" 
- 4  

X 

0 
0 
m 

0 
0 
\o 

0 
0 
4. 

0 
0 
N 

0 

a, 
t, 
si 
m 
E 
LI 
0 w 
Li 
hi 
pc 



601 

501 

40( 

30( 

2 O( 

10( 

Angular P o s i t i o n  Measured 

CCW from Refe rence  Mark 

e 0 Degrees 

x 90 

0 180 

A 270 

0 60 80 100 120 140 160 

Drive V o l t s ,  r m s  

F i g .  13 A x i a l  Excur s ion  Measurements f o r  Modified Transduce r  

No. 3 Bear ing  End, F l o a t  I n s t a l l e d  



50( 

40C 

300 

200 

100 

0 

h g u l a r  P o s i t i o n  Measured 

:W f rom Refe rence  Mark 

0 0 Degrees  

o 180 
x 90 

A 270 

I I 
80 100 120 140 160 60 

Drive  V o l t s ,  r m s  
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